Exhaustive digestion of chromatin with trypsin leads to the cleavage of only 20-30 amino acids from each of histones III (f3), IV (f2al), IIb2 (f2b), and IIbl (f2al), the remainder of these chains being resistant. This resistance is not altered by removing the histones from the DNA with 2 M NaCl, but is dramatically reduced in 6 M urea. Histones HII, IV, IIb2, and possibly IIbl are cleaved at their N-termini. Histones I and V and the nonhistone proteins are the first to be attacked by trypsin and have no detectable trypsin-resistant fragments. The arginine rich histones, III and IV, are then cleaved as a pair, followed by most of IIb2 and Ilbl, also as a pair. This. data is consistent with a model in which basic Nterminal "arms" extend from a trypsin-resistant histone complex. The structural arrangement of these arms relative to the trypsin-resistant histone complex may define the spatial coordinates of DNA binding sites and, consequently, the folding of the DNA fiber in the chromosome.
chromatin, the analysis of the resistant DNA suggests that histone N-terminals are associated with some DNA bands and histone C-terminals with other DNA bands. We propose that histones fold the chromosome by crosslinking the DNA corresponding to these bands.
In a typical eukaryotic nucleus, five types of histone molecules are responsible for folding about 100 cm of DNA into a volume of less than 10-10 cr13. This is usually accomplished at the time of DNA replication (1) , and must be done in a way that will preserve and possibly generate specific transcriptional signals. One general approach to the problem of chromosome structure involves the use of nucleases and proteases. Particularly intriguing results have been obtained with staphylococcal nuclease (2) . This enzyme digests chromatin into nuclease resistant, "closed" segments of about 75,000 daltons of DNA.
These segments alternate with nuclease sensitive, "open" segments (2) .
In the work to be presented here, chromatin from avian erthyrocytes has been treated with increasing doses of trypsin, the reaction stopled by the addition of trypsin inhibitor, and the subsequent sensitivity to nuclease monitored. Discrete nuclease resistant DNA fragments generated from chromatin and observed by acrylamide gel electrophoresis became sensitive to nuclease after prior trypsin digestion of chromatin. The susceptibility of these DNA bands was correlated with the cleavage of 20-30 amino acids from the N-terminal ends of histones III, IV, Ib2, and possibly IMbL.
RESULTS

Nuclease digestion of trypsinized chromatin
Four-day chick erythroblasts were pre-labeled with [3H ]dThd. Chromatin was isolated and digested with increasing concentrations of trypsin, the reaction stopped by the addition of soybean trypsin inhibitor, and accessible DNA digested with staphylococcal nuclease. After the digestion was completed, nuclease resistant trichloroacetic acid (TCA) precipitable cp)m were determined. Fig. 1 shows that increasing digestion of chromatin with trypsin results in an increased sensititity to nuclease. Although the data is not presented, increasing digestion of chromatin with trypsin results in a parallel increase in chromatin sites available for poly(Dlysine) binding. Even at very high trypsin concentrations (500 qg/ml), about 15% of the DNA remains resistant to nuclease. The resistant DNA is presumably being protected by tightly bound protein fragments that are resistant to trypsin. Our previous work (3) has shown that these fragments are clustered about every 300 base pairs along the DNA fiber. The DNA protected by these fragments has over 80% of control hyperchromicity indicating that it is almost entirely double stranded. We will discuss the sequence characteristics of this DNA in a separate communication. When the resistant DNA was analyzed on sucrose gradients (3) , it was found, in agreement with the data in Fig. 2 , that 4249 Histone Nomenclature and Abbreviation: I (fl) (very lysinerich); IIb1 (f2a2) (slightly lysine-rich); IIb2 (f2b) (moderately lysine-rich); III (f3) (alanine and arginine-rich); IV (f2al) (glycine and arginine-rich); TCA, trichloroacetic acid. although its quantity decreased after increasing amounts of trypsinization, its average sedimentation coefficient hardly changed from 4.8 S. Our tentative conclusion is that with greater amounts of trypsin(digestion, different closed regions (as distinguished by DNA size on acrylamide gels) become more readily available to nuclease and are completely digested to TCA soluble pieces. We will refer to the DNA bands in Fig. 2 as DNA1-8 where DNA-1 is the slowest migrating band and DNA-8, the fastest. Next, we concentrate on the particular histones and histone cleavage products that remain after various levels of trypsin digestion.
Selective cleavage of histone pairs by trypsin Chromatin was exposed to increasing concentrations of trypsin and the resulting proteins and protein fragments analyzed on 15% sodium dodecyl sulfate stacking gels ( Fig. 3A and B) . The first histone to be digested is the e'ythrocyte specific histone, V. (See ref. 3 for gels which show this.) MUany of the nonhistono chromosomal proteins disappear at about this dose of trypsin. Histones la, b disappear next. At this point, no new bands appear aid it is assumed that all of these lproteins are digested to small l)eptides. The next protein to disappear is histoone III. Associated with this is; the broadening of the band corresponding to histone IV and the appearance of the product, P4. Since it will be shown that P4 is mainly com11-lposed of segments of histone IV, we conclude that the arginine rich histones, III and IV, are digested in taiidem, with III being cleaved to P1 and IV being cleaved to P- The bands between V and III are probably nonhistone proteins and not cleavage products from I or V since they are present in undigested material and do not increase with incubation at 37°. tryp shows where trypsin migrates in these gels. The pattern of trypsin digestion is the same in erythroblasts as in erythrocytes. It is also unaltered after nuclease digestion of chromatin or after poly(D-lysine) titration.
Identification of the limit-digest fragments
In order to identify the large molecular weight fragments of the limit-digest, individual bands were eluted from the gels; The total high-molecular-weight limit-digest (P1-P5) was extracted from gels, precipitated, iodinated, digested with trypsin, and mapped as described in the text. (A) A similar procedure was done in parallel for the combined histone fraction, also eluted from gels.
No iodinated peptides from trypsin were detectable in the limit digest.
their tyrosines were labeled with 1251; and after complete trypsin digestion in solution, their peptides were fingerprinted. The same procedure was applied to the individual, undigested histone bands, also eluted from the sodium dodecyl sulfate gel. Fig. 4 compares the fingerprint of the combined histone fraction (minus I and V) to that of the combined limit-digest. Identification of the individual iodinated peptides was accomplished by comparison with maps for each individual histone. The data shows that all iodinated peptides are present in the limit-digest except those from III. Elution of the radioactivity associated with each spot showed that the iodinated peptides from IV, Ilbi, and I1b2 are present in at least 65% of their molar quantities and that the III peptide is present in less than 15% of its molar quantity.
Since IV and I1b2 have tyrosine in their C-terminal tryptic peptides and since these peptides can be identified in the limitdigest fingerprint, it follows that these two histones are cleaved toward their N-terminals. Histone III has its iodinated tyrosine-containing peptide toward its N-terminal region. If III were also cleaved near its N-terminal, then very little of this peptide would be observed in the limit-digest, as we have found. To test whether the C-terminal region of III was present, the limit-digest was carboxymethylated with ['4C]iodoacetate (6) under conditions which label only sulfhydryl groups. Histone III is the only histone that contains cysteine, and since this is located near the C-terminal of the molecule, carboxymethylation of sulfhydryls is a good marker for the presence of a high-molecular-weight C-terminal cleavage fragment of histone III. It was found that the limit-digest contains about 65% of the number of sulfhydryls of undigested histone. We, therefore, conclude that all histones but I and V are present in the limit-digest at a minimum of 65% of their molar concentrations in chromatin and that III, I1b2 and IV are cleaved at about 20-30 amino acids in from their N-termini. (This estimate is obtained from the reduction in apparent molecular weight observed on our gels.) In agreement with these conclusions, tryptic-fingerprints of the [n5S]methionine histone peptides, which are also markers for the presence of C-terminal histone fragments, show that the limit-digest contains all methionine peptides in at least 70% the quantity of intact chromatin and that the small, highly-charged, trypProc. Nat. Acad. Sci. USA 71 (1974) n"U . When the 1251-maps of the individual purified bands of the limit-digest were examined, it became clear that in several cases a given histone was represented in more than one band. Fig. 5 shows the maps of IIb2 and IV and those for P2 and P4. HUb2 is present both in P2 and in P4. Similarly, IV is present in P4 and P5. In all of these cases, the limit-digest bands are easily resolved and there is no possibility of contamination between bands. Thus, a small number of molecules from each of these classes is cleaved by trypsin at sites that are different from those cleaved in the majority of the population. Similar findings also apply to III and Ilbi, but to a lesser extent.
The following are our assignments for the major species in limit-digest bands. On the basis of its coordinated appearance with the disappearance of III, we think that P1 is largely the C-terminal part of III. From their tryptic maps, most of P2 is the C-terminal part of HUb2, whereas P3 is from Ibl. As mentioned previously, P4 is 70% from IV and 30% from HUb2, whereas P5 is mainly from IV with contributions from II.
We do not think it a coincidence that the general ordering of the histones on sodium dodecyl sulfate gels is preserved in the limit-digest; this indicates, perhaps, that all four major histones have an accessible "arm" which is attacked by trypsin at about the same distance from the N-terminus. Moreover, it may be relevant that another DNA binding protein, the lac repressor, also has a trypsin-sensitive "arm" at the N-terminus and a resistant C-terminal end, presumably protected by interactions between its four subunits (7). The accessibility of the N-terminal segments of IV, JIb2, and III is in keeping with the observation that most sites of in vivo modification, and implicitly, sites of accessibility to modification enzymes, appear to be clustered at the N-terminal end of most histones (8) . Since we have shown that poly(-lysine) is readily digested by trypsin when complexed to DNA or chromatin (H. Weintraub, unpublished observations), we feel that the susceptibility of the histone N-terminals to trypsin in no way excludes the likely possibility that these basic regions bind to DNA in native chromatin.
DISCUSSION
We have shown that when chromatin is treated with trypsin, specific pairs of histones are cleaved sequentially: I and V, followed by III and IV, and then by IIb2 and IMbL. Although I and V are cleaved into very small peptides, all of the other histones lose only about 20-30 amino acids. For at least three of the four histones, these amino acids are lost from the Nterminal segments. If removed from DNA with 2 M NaCl, the histone digestion rate is increased, but the limit-digest is unchanged indicating that the DNA is not protecting the bulk of the inaccessible histone cleavage products. Digestion in 6 M urea, however, dramatically results in their complete digestion. We conclude that histone-histone interactions protect the major extent of chromosomal histones from trypsin digestion, but that N-terminal "arms" are nevertheless available for cleavage. Since the N-terminals are enriched in basic residues and are probably binding to DNA (as suggested in these studies by the fact that their cleavage results in an increased sensitivity to nuclease), it is likely that they extend from specific histone complexes in a precise orientation. This orientation, relative to the trypsin-resistant complex, could define the spatial coordinates of DNA binding sites and, therefore, establish the folding parameters of a DNA fiber. Since III (1974) .I and are consequently thought to be associated with histone N-terminal fragments and/or histones I and V. DNA-4, -6, and -7 are resistant to nuclease after exhaustive trypsin digestion and are presumably being protected by the Cterminal histone fragments observed in the trypsin limitdigest.
Our data therefore suggests that the highly basic histone N-terminals are contiguously localized along regions of the chromosome corresponding to particular DNA bands and that histone C-terminals are localized along regions corresponding to different DNA bands. Supported by additional experiments to be published in greater detail elsewhere, we propose a model in which complexes of specific histones fold the DNA by crosslinking the closed sections of chromatin which correspond to these DNA bands. In the extreme cases, the crosslinking can occur between closed regions on different chromosome fibers or between adjacent closed regions on the same fiber. In the latter situation, (i) basic N-terminal arms would extend from a histone complex and bind to the DNA corresponding to one closed region; (ii) some part of the trypsin-resistant complex comprising the C-terminals would bind to the next closed region, and (iii) a nuclease-sensitive stretch of accessible DNA would intervene, possibly in a "looped-out" configuration. (2) . Incorporation into TCA precipitable material was measured as previously described (1) .
Trypsin and Nuclease Digestion of Chromatin. Chromatin (OD260 = 10) was suspended in 5 mM sodium phosphate at pH 7.1 and digested with trypsin for 30 min at 37°. Trypsin inhibitor was then added and after 30 min, staphylococcal nuclease was added to a final concentration of 5 ug/ml together with CaCI2 to a final concentration of 2.5 X 10-4 M.
After exhaustive trypsin digestion, about 20% of the histone peptides become loosely bound and fail to cosediment with the 1)NA. It is unlikely that these peptides rearrange and protect other areas of the chromosome from nuclease for the following reasons: (1) These fragments fail to protect exogenous DNA from nuclease. (2) In reconstruction experiments, trypsin digested histone fails to protect DNA from nuclease. (3) Removal of loosely bound peptides by Sepharose 2B chromatography does not change the sensitivity of tryp)sinized chromatin to nuclease.
Iodination. Fifteen percent sodium dodecyl sulfate-acrylamide stacking gels were used according to the methods of Laemmli (9) except with half the amount of crosslinking reagent. Specific bands were eluted and iodinated with chloramine-T according to the methods developed by Bray and Brownlee (10) . Our conditions correspond to an iodine to protein molar ratio of 0.10 and the average efficiency of iodination was about 50% of total radioactivity added. The final iodinated protein represented 45% recovery of the protein initially on the gel. When this was rerun on gels, there was no differential loss of any histone relative to the others. At these low iodine concentrations, tyrosine is mono-iodinated (10) and we have observed no iodination of histidine. The iodinated protein samples were taken up in 0.1 ml of 1% (w/v) ammonium bicarbonate at pH 8.5 and 1 jul of trypsin-TPCK (1 mg/ml in 1 mM HCl) was added. After incubation at 370 for 2 hr, another 1 1A of trypsin was added and incubation was continued for another 2 hr at 37°. The digestion was stopped by the addition of 1 drop of glacial acetic acid and the digest lyophilyzed.
Peptide M3appinj. The tryptic digests were taken up in 25,41 of distilled water and applied to 46 X 57 cm Whatman 3MM paper. Descending chromatography was performed in the first dimension in 1-butanol-pyridine-acetic acid-water (15:10:-3:12) for 16 hr. The paper was dried and high voltage electrophoresis was performed in the second dimension at pH 3.5 (5% acetic acid-0.5% pyridine) for 1.5 hr at 2000 V. After drying, the peptide maps were exposed to Kodak NS54T x-ray film. For our analysis, we used the calf thymus histone sequences (11) . Controls showed that the iodinated histones from calf thymus mapped identically to those from chicken erythrocytes.
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